Indinavir is a protease inhibitor antiretroviral (ARV) drug, which forms part of the highly active antiretroviral therapy during the treatment of HIV/AIDS. Indinavir undergoes first-pass metabolism through the cytochrome P450 (CYP) enzymes in the human liver, of which CYP3A4 is the most influential isoenzyme. Multidrug combination therapy and, as such, therapeutic drug monitoring (TDM) during HIV/AIDS treatment are therefore critical, to prevent adverse interactions. The conventional sensitive and specific assays available for quantifying ARV drugs, however, suffer from distinct disadvantages. In this regard, biosensors can be used to provide real time information on the metabolic profile of the drug. In this study, a biosensor with cobalt(III) sepulchrate trichloride {Co(Sep) 3+ } as diffusional mediator was constructed. The biosensor platform consisted of CYP3A4 immobilized onto a gold nanoparticle (GNP) overoxidized polypyrrole (OvOxPpy) carrier matrix. The biosensor exhibited reversible electrochemistry, with formal potential determined as −624 ± 5 mV, from voltammetric analysis, with overall electron transfer being diffusion controlled. The biosensor showed typical electrocatalytic response to dioxygen (O 2 ), exemplified by the distinct increase in the cathodic peak current ( , ). A concentration-dependent increase in , was observed in response to consecutive additions of Indinavir.
Introduction
Antiretroviral (ARV) drugs are ubiquitously associated with treatment of HIV/AIDS [1] . These drugs work by maintaining a plasma level concentration at the virus (HIV) replication site thereby inhibiting viral mutation and viral resistance and suppressing viral load of patients [2] . Treatment is implemented through highly active antiretroviral therapy (HAART), which is a multidrug combination regimen, consisting of ARV drugs from three basic groups, including the nucleoside reverse transcriptase inhibitors (NRTIs), nonnucleoside reverse transcriptase inhibitors (NNRTIs), and protease inhibitors (PIs). The PIs, as well as the NNRTIs, undergo extensive phase I metabolism through the cytochrome P450 (CYP) enzymes present in the liver, of which the most influential isoenzyme involved is CYP3A. One of the major aspects associated with HAART treatment is adverse drug interactions and, as such [3] , the need for therapeutic drug monitoring during HIV/AIDS treatment is pivotal [4] . Sensitive and specific assays available for quantifying ARV drugs are based on high performance liquid-chromatography and/or gas chromatography (HPLC and GC) with ultraviolet detection or HPLC and/or GC-mass spectrometry. These methods, however, are very complex, requiring extensive sample preparation and skilled operators, are expensive, and are not designed to give rapid analysis and real time measurements. In this regard, biosensors can be used to provide real time information on the metabolic profile of the drug necessary for modulating therapy to the patient's benefit. During the reduction of P450s according to the scheme Fe 3+ + e − → Fe 2+ , NADPH or NADH is exhausted [5] . Therefore, P450s and enzyme electrodes based on P450s are promising for the application of biosensors. However, achieving effective electrical communication between the electrode and the enzyme in the case of heme-enzymes, such as the CYP3A4 enzyme, can be problematic [6] . This is because the electrochemically active heme-centre is buried in the protein structure to gain hydrophobic environment for catalysis, thus a longer direct electron transfer distance between the prosthetic group and the electrode surface.
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Journal of Chemistry Therefore, reduction in the size of enzyme carrier materials can greatly improve the efficiency of immobilized enzymes [7] . Numerous publications indicate organic conducting polymers as a convenient biosensor component, forming an appropriate environment for the immobilization of enzyme at the electrode surface [8] . Amongst the studied polymers, polypyrrole (Ppy) has attracted considerable attention. This polymer can be easily prepared by electrochemical oxidation of the monomer in the presence of suitable dopant ions. Concomitantly, overoxidation is an irreversible processes associated with loss of conductivity. However, overoxidizedpolypyrrole (OvOxPpy) is an excellent matrix material used for deposition of metal nanoclusters. Au nanoparticles (GNP), in particular, due to their unique properties such as good conductivity, useful electrocatalytic, and biocompatibility, were considered excellent integration material in the electrochemical biosensors [9] . The presence of GNPs gives immobilized protein molecules more freedom of orientation and, as such, permits proteins to orient in conformations which are more favorable for direct electron transfer [10] . The gold particles form the conducting electrode and thus the site of electron transfer when anchored to the substrate [11] . The usual methods for enzyme immobilization include direct physical adsorption [12, 13] , encapsulation into hydrogel [14] , cross-linking [15] , and covalent binding [16] . However, a key requirement of enzyme immobilization is attachment without the bioactivity being sacrificed [17, 18] . Here, the GNP|OvOxPpy modified film provides an attractive template for enzyme immobilization due to the fast, inert low temperature process.
In this work, OvOxPpy-film [19] infused with conductive Au nanoparticles was constructed on a glassy carbon electrode and used as platform for CYP3A4 enzyme immobilization to fabricate a biosensor for selective and sensitive detection of Indinavir (ARV drugs) in the large presence of PBS at pH 7.41. The goal was to obtain results with precision and accuracy and at increasingly lower concentration levels of the substance being determined.
Electroanalytical Methods Applied for the Determination of
HIV protease inhibitor metabolized by the cytochrome P450 system. It has been probed by various capillary electrophoretic, spectrophotometric, and liquid chromatographic methods; however, all the reported methods are arduous and time-consuming and require highly sophisticated equipment [20] . Up to date a great deal of biosensors were developed for determination of Indinavir. However, only one paper reported anodic voltammetry using glassy carbon electrode. Ignaszak et al. [21] 3+ } and serum from bovine albumin were products of Sigma-Aldrich. Dipotassium hydrogen phosphate (K 2 HPO 4 ) and potassium dihydrogen phosphate (KH 2 PO 4 ) monohydrate salts and KCl were purchased from SigmaAldrich. Electrolyte solutions were 50 mM of PBS (pH 7.4), containing 100 mM KCl as the supporting electrolyte. Working solution of Indinavir was prepared from Indinavir sulphate, obtained through extraction from the capsules (Crixivan)-purchased from Merck & Co., Inc. Ultrapure water with resistivity 18.2 MΩ cm was prepared using Millipore Synergy water purification system. All reagents were of analytical grade. Electrochemical experiments were performed with BAS 100W electrochemical workstation and electrodes from BioAnalytical Systems, BAS, USA. Cyclic and square wave voltammograms were recorded with a computer interfaced to the BAS 100W workstation. A glassy carbon disk electrode (GCE) of area 0.071 cm 2 (diameter 3 mm) was used as the working electrode. A platinum wire and Ag/AgCl (3 M NaCl) electrodes were used as auxiliary and reference electrodes, respectively. SEM analysis was performed on JEOL JSM-7500F Scanning Electron Microscope. All voltammetric results are reported with respect to Ag/AgCl.
Preparation of Biosensor Platform: GNP|OvOxPpy||GCE.
Ppy was electrochemically prepared from an aqueous solution of 0.15 M monomer, by potentiostatic method in 0.1 M LiClO 4 supporting electrolyte. Polymerization was done at a constant potential of +800 mV (versus Ag/AgCl) for 120 s, under argon atmosphere. The Ppy-modified GCE was then carefully rinsed with milli-Q water and subsequently placed into an electrolytic cell, containing 0.1 M NaOH and overoxidation was done at +1000 mV. The process usually took approximately 450 s. Gold nanoparticles were then electrodeposited from an argon degassed solution of 100 mM KCl, containing 0.5 mM HAuCl 4 . Electrodeposition was done potentiodynamically, by cycling the potential from 200 to −1000 mV at a scan rate of 50 mV/s for 15 cycles. fitting lid for the first 10 min to form a uniform layer, after which the lid was removed and the enzyme layer was slightly dried for another 40 min, but still retaining wet camera. This was then followed by the deposition of 4 L agarose (1%, w/v), after which the prepared biosensor was immediately placed at 4
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∘ C for at least 1 h. The biosensor was denoted by CYP3A4|GNP|OvOxPpy||GCE.
Electrochemical Procedures. All voltammetric analysis was done at 25
∘ C in the presence of 1 mM Co(Sep) 3+ diffusional electron transfer mediator, dissolved in either degassed or undegassed PBS (pH 7.4). Cyclic voltammograms were recorded in the presence and absence of oxygen and/or Indinavir at a potential scan rate (]) of 10 mV/s versus Ag/AgCl, from an initial potential = −200 mV to a switch potential, = −1000 mV. Oysteryoung-type square wave voltammetry (SWV) was done at an amplitude of 75 mV and frequency of 5 Hz. The analysis of the CVs gave the formal potentials measured as the midpoint potential ( ∘ ). The peak separation, Δ (the difference between , and , ), and the anodic to cathodic peak current ratio ( , / , ) of the biosensor responses were also determined.
Results and Discussion

Structure of Composite Polypyrrole Materials.
Morphological characterization of the electrode platform during electrode assembly process was conducted by SEM analysis, as shown in Figure 1 . The SEM images of the Ppy-modified GCE Figure 1(b) clearly shows that overoxidation affects the morphological properties of the polypyrrole film and, as such, the OvOxPpy-film exhibited a structural morphology that was significantly different from that of the conductive Ppy-film [22] . The OvOxPpy-film had a typical "cauliflower-like" structure, constituted by spherical micrograins. Prior research has established that overoxidation is initiated by hydroxyl radicals that form due to the oxidation of water, of which the overall process may be described by [23] :
Figure 1(c) shows the porous OvOxPpy-film to be an excellent matrix for the electrodeposition of gold nanoparticles, which had good surface coverage across the film with uniform size and diameters of approximately 100 nm. The EDX spectrum confirms the presence of gold within the OvOxPpy matrix.
During overoxidation, a large current is passed, which decreased as oxidation progressed, eventually levelling off and fluctuating slightly around one value, which indicates the completion of the overoxidation process, as shown in : ions, takes place, resulting in loss of the conjugated structure and electrical conductivity. Expulsion of the ClO 4 − dopant ions results in the uniformly sized nanopores within the polymer film.
Electron Transfer Systems.
The modification of the glassy carbon electrode during the film assembly was electrochemically characterized by cyclic voltammetry and square wave voltammetry. From Figure 3 , it is evident that the bare glassy carbon electrode shows no observable electrochemistry whereas the background current of the GNP|OvOxPpy||GCE composite is two orders of magnitude higher as compared to that of the overoxidized-polypyrrole film. Moreover, the forward and reverse square waves, in the inset, exhibit a similar trend with regard to magnitude of the background current of GNP|OvOxPpy||GCE composite film as compared to that of the OvOxPpy||GCE film, and, as such, corroborate the findings shown in cyclic voltammetric results.
Effect of Cobalt(III) Sepulchrate
Trichloride. As stated in previous sections, all of the electrochemical studies pertaining to the fabricated CYP3A4-based biosensor were conducted in the presence of diffusional electron transfer mediator, Co(Sep)
3+ . The main requirement for a good mediator is that it exhibits fast reversible electrochemistry, while also showing a redox response sufficiently negative in order to in turn reduce the enzyme heme group. Prior investigations have established Co(Sep)
3+ as superior choice to facilitate electrical communication between redox centres of P450 enzymes and the electrode [24] . Figure 4 (a) shows the CV taken at 100 mV/s and SWV recorded at a frequency of 5 Hz. This revealed that as the potential was scanned from −200 to −800 mV, the reduction current steadily increased to a maximum value, after which the current decreased until the switching potential-cathodic and anodic peak currents ( , and , ) shown to be fairly similar in magnitude. The CV exhibited well defined corresponding cathodic ( , ) and anodic peaks ( , ), for which peak potentials were determined as −650-(±5) and −589 (±5) mV, respectively, with corresponding ∘ , determined as 620 ± 5 mV. The peak potential difference (Δ ) determined from CV results was approximately 61 ± 5 mV. Square wave voltammetry was used to corroborate CV results. The SW in Figure 4 (b) shows well defined forward (cathodic) and reverse (anodic) square waves, with , shown to be slightly higher than , , by approximately half an order of magnitude. The peak potentials corresponded to values of −631 and −620 ± 5 mV for cathodic and anodic square waves, respectively. In comparing CV and SW results, it is well known that square wave voltammetry has a higher signal-to-noise ratio, and, as such, differences are considered well within experimental variability. Figure 5 shows the cyclic voltammograms of the biosensor containing the immobilized redox species at different scan rates, varying from 10 to 100 mV/s. The inset shows the linear variation of anodic and cathodic peak currents ( , and , ) with square root of scan rate (] 1/2 ). On increasing the scan rates, the biosensor CV peak currents increased gradually and peak potentials stayed fairly stable concomitantly resulting in little change in peakto-peak separation with each consecutive scan rate change.
Monooxygenation of CYP3A4.
, and , also increase linearly with ] 1/2 . Based on these results it may be deduced that the CYP3A4-film was stable and exhibited reversible electrochemistry, constituted by a diffusion-controlled electron transfer process. The diffusion coefficient, calculated using the Randle Sevcik equation is 2.5 × 10 
Concomitantly, the surface concentration, Γ * (mol cm −2 ), of the adsorbed electroactive species may be estimated accordingly:
where , , , and are the gas constant, Faraday constant, temperature, and number of electrons transferred, respectively. The ion exchange behaviour of conducting polypyrrole is associated by a one-electron transfer process in which the monomers are oxidized by oxidizing agents or catalysts to produce the radical polymer cation. Thus, for the one electron transfer process at 25 ∘ C, Γ * value evaluated from the slope of the anodic peak is 6.99 × 10 −7 mol cm −2 .
Mechanism of Biosensor Response to Indinavir.
Voltammetric responses of the biosensor were recorded at a scan rate of 10 mV/s in the absence and presence of oxygen (O 2 ) and/or Indinavir, in order to observe enzyme-oxygensubstrate interactions, and are shown in Figures 6(a) , 6(b), and 6(c), respectively. In the presence of O 2 , there was a significant increase in , . This is a common phenomenon which has been recorded in literature reports with regard to biosensor studies with P450 [25] . O 2 is the natural cosubstrate of CYP3A4 and P450 enzymes in general and binds to the ferrous ion of the enzyme heme group at a very fast rate; therefore the distinctive , increase can be regarded as a chemical reaction which immediately follows Fe 3+ /Fe 2+ electron transfer process, a phenomenon which in this case may be described as the electrocatalytic response of the enzyme to O 2 . The O 2 -CYP3A4 interaction is greatly enhanced in the presence of substrate and, as such, in the presence of Indinavir (2.5 M) there is a strong amplification in , . Figure 7 shows the voltammetric response of the biosensor in oxygen-saturated PBS (pH 7.4, 100 mM KCl) containing 1 mM Co(Sep) 3+ diffusional mediator, at a scan rate of 10 mV/s. The CVs reveal that the biosensor exhibits a concentration-dependent increase in , with each addition of Indinavir up to the final concentration of 10 M. These findings directly correspond with previous investigations [26, 27] and, thus, it may be deduced that the substrate, Indinavir, is metabolised by the reduced CYP3A4, which in turn is mediated by the reduced Co(Sep)
2+ . The increasing rate of dioxygen to the heme in the presence of substrate is exemplified by the increase in the reduction current ( , ) as shown in the cyclic voltammograms. The response profile of the biosensor, as shown by CV, is typical of cytochrome P450 enzyme in particular and heme-enzyme in general, thereby adequately proving the strong catalytic effect and metabolism of Indinavir by CYP3A4. These favourable features of the modified electrode offer great promise for its sensing applications. The inset shows that the catalytic current is linear versus Indinavir concentration in the range of 0.2-10 M and a correlation coefficient of 0.9908. The detection limit (signalto-noise ratio is 3) is 0.001 mol L −1 . The detection limit is well below the plasma concentration of Indinavir (8 h after intake), which ranges from 0.13 to 8.6 mg L −1 .
Conclusions
An ideal nanocomposite support material consisting of GNP infused OvOxPpy was successfully constructed based on a rapid electrochemical technique. The obtained platform served as an ideal host for enzyme immobilization for the development of a user-friendly and low-cost biosensor for Indinavir. The results demonstrated that Au nanoparticles enhanced the catalytic activity of OvOxPpy by giving negative shifts of CV peak potentials and increasing peak current of the enzyme. Due to the synergy of OvOxPpy and the GNPs, GNP|OvOxPpy||GCE had good stability, sensitivity, and selectivity to determine Indinavir in a large presence of PBS (pH 7.21). The biosensor response to Indinavir in oxygenated PBS also showed significant increase. GNP|OvOxPpy||GCE displayed strong catalytic activity towards the oxidation of Indinavir and reveals the response of the active species with distinctive voltammetric peaks. Low concentrations' detection of Indinavir demonstrates the ability of biosensor platform to perform effective point-of-care diagnostics. The biosensor construction method developed in this study, holds great promise for ARV drugs' (Indinavir) determination in real samples and use for effective therapeutic drug monitoring in real time.
